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They are abundant in the meninges (particularly in the dura mater) of various species as well as in certain well-delimited brain structures (12).
Human and rabbit leptomeninges contain numerous granular cells of a second type exclusively localized around the arteries, arterioles, and venules. They are weakly or not metachromatic and do not stain with Astrablau. They show intense yellowish fluorescence and do not appear to contain histamine (12). However, Ibrahim (17) and we (9) have classified these cells as mast cells, since they share many ultrastructural characteristics with peripheral tissues mast cells, including a welldelimited perigranular membrane. These characteristics distinguish them from other vacuolated cells such as macrophages. They also share with other mast cells the capacity to be degranulated by compound 48/80, a mast cell secretagogue. Although, as stated above, it is unlikely that these granular cells contain histamine, little is presently known about the presence of other amines such as 5HT, although Ibrahim (17) considered the presence of this indoleamine highly probable on the basis of a positive argentaffine reaction.
This question has gained further significance since we recently discovered (9) that these type II mast cells are directly innervated by autonomic and probably sensory nerve fibers. The majority of these fibers possess the histochemical and ultrastructural characteristics of cholinergic nerves (9). Since Fantozzi et al. (14) reported that sequential exocytosis of rat abdominal mast cells could be triggered by cholinergic mechanisms, the main purpose of the present work was to study the possible influence of these cholinergic-like nerve terminals on cerebrovascular mast cell exocytosis and release of amines. We have thus compared the action of compound 48/8O (a widely used mast cell secretagogue) and carbachol (a cholinomimetic agent not metabolized by cholinesterases) on both the exocytosis of mast cell granules and the 5-HT and histamine content of the artery wall.
A secondary aim of this work was to obtain further information on the precise location of cerebrovascular 5 HT: relatively large amounts of 5-HT have been detected in leptomeningeal arteries from which blood had been removed by perfusion before craniotomy (5, 10, ll), although no 5-HT-containing nerve fibers were observed by other groups (1, 7, 28, 29) under identical experimental conditions. This discrepancy could be explained by a nonneural location of 5-HT, such as in mast cell granules.
MATERIALS AND METHODS
In this study 64 adult male Fauves de Bourgogne rabbits weighing 2.5-3 kg were divided into five test groups plus a control group (group 1). The latter consisted of 20 untreated animals that were gradually accumulated in parallel with the experiments on the five test groups. In all groups, the same R106 5-HT RELEASE BY CEREBRAL MAST CELLS procedures were used to remove the two middle cerebral artery trees (MCAs), including large and small pial vessels. The vascular tissues were used for histological studies and for biochemical determination of their 5-HT and histamine content. For the sake of clarity, the procedures common to the six groups are described first before describing the experimental protocols specific to each group.
Experimental
Procedures Common to All Groups
Removal of MCAs. The rabbits were killed with an overdose of pentobarbital and decapitated. The brains were rapidly removed and placed in a dish containing a cold physiological solution of the following composition (in mM): 119 NaCl, 5 KCl, 0.75 CaC12, 1.2 MgSO,, 1 NaH2P04, 1 NaHC03, and 2.5 N-&hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), with pH adjusted to 7.4 at 20°C. Any residual blood was removed by cannulating the main branches of the MCAs from the two hemispheres and rinsing with the above solution at a pressure of 100 mmHg. The blood flowing out of the brain was continuously washed out of the dish. Complete artery trees were then carefully dissected free of leptomeninges under a surgical microscope (Zeiss OPMI 9F) and removed from the brain. These arteries were then prepared for biochemistry and histology (in vivo experiments and control animals) or for in vitro incubation.
Ulttasttuctutal examination of the arterial wall. Immediately after the MCA dissection (in vivo experiments) or after incubation (in vitro experiments), very distal small collateral arteries of each MCA were fixed by immersing them overnight in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at 4OC. They were washed in the same buffer, dehydrated in graded ethanol, and embedded in Epon. Ultrathin sections were cut (Serval ultramicrotome) and contrasted with uranyl acetate and lead citrate. These sections (3 series on each arterial segment, separated by 5-10 pm) were examined under a Philips EM 301 electron microscope. All the mast cells or parts of mast cells in each section were counted. Cells that contained only dense and electron-opaque granules were considered as "intact mast cells." Cells that contained empty larges vesicles and/or granules with a low electron density were considered as "degranulated." Determination of MCA 5-HT and histamine content. The remaining arterial segments were rapidly frozen by immersion in liquid nitrogen and stored at -8OOC. They were then disrupted with a glass homogenizer in 300 ~1 ice-cold buffer (20 mM potassium phosphate, pH 7). Complete cellular disruption was ensured by incubating the homogenate at 37°C for 10 min with 200 hemolytic units (10 ~1) of purified alveolysin (a gift from Prof. J. E. Alouf, Institut Pasteur, Paris). 5-HT and histamine contents were determined by radioenzymatic assay after ethanol-acetone extraction (22), using the methods of Walker et al. (33) and Haimart et al. (16) , respectively. The protein contents of the MCA were measured by the method of Lowry et al. (25) . Results are expressed as pmol/mg protein.
Experimental Protocols
In vivo degtanulation challenges. Twelve rabbits were anesthetized by infusion of 25-30 mg/kg pentobarbital iv. Their left and right common, external, and internal carotid arteries were exposed. The external carotid arteries were ligated, and 26-gauge needles were inserted into the common carotid arteries. Both arteries were then perfused with heparinized physiological solution at a rate of 1 pl/min for 10 min using a Carnegie CMA 100 microinjection pump. The solution perfusing one of the two internal carotid arteries was then replaced, by means of a three-way valve, with physiological solution containing either 2 pg/pl compound 48/80 (5 rabbits, group 2) or 1 pg/pl carbachol (7 rabbits, group 3). After 30 min of perfusion at the same rate, the rabbits were killed, and both MCAs were removed and treated as described above.
In vitro experiments.
Right and left MCAs were dissected free of leptomeninges as described above and cannulated with a stainless steel tube (0.4 mm diameter) at their junction with the circle of Willis. They were then placed in a 50 ml organ bath, thermostated at 37°C and containing a physiological solution (mM: 126 NaCl, 5 KCl, 1.2 NaH2POI, 1.3 MgCl,, 18 NaHC03, 2.5 CaCl*, and 5.5 glucose) constantly bubbled with a 4% C02-76% N2-20% O2 gas mixture (pH: 7.3-7.4, Pco*: 28-30 mmHg, Po2: 140-150 mmHg). Both artery trees were perfused with the solution at a basal pressure of 20-30 mmHg via the same cannula (see Ref. 30 for technical details). They were allowed to recover for 1 h under these conditions before the following tests were performed.
Group 4 (n = 7). One MCA was exposed to incubating solution containing 10m6 M carbachol for 30 min. The other artery tree was kept in the standard physiological solution.
Group 5 (n = 12). Both artery trees were exposed to 10e6 M carbachol for 30 min, but low7 M atropine was added to the incubating solution of one of them 5 min before being treated with carbachol.
Any 5-HT storage and release by sympathetic nerve fibers was estimated by testing the action of carbachol on sympathectomized arteries. Unilateral right or left superior cervical ganglionectomy was performed on seven rabbits (group 6) anesthetized with 25-30 mg/kg pentobarbital. The superior cervical ganglion (SCG) was approached medially to the carotid bifurcation under a surgical microscope, the postganglionic sympathetic nerves were sectioned and coagulated, and the SCG was disconnected from the arteries together with a 10 mm portion of the preganglionic fibers to avoid any possible reinnervation. A distinct myosis of the homolateral pupil appear a few days after ablation. The animals were killed 1 wk later, after complete degeneration of the ipsilateral arterial sympathetic innervation. Loss of sympathetic innervation was verified by the Falck-Hillarp technique (15) on small fragments of the circle of Willis adjacent to the middle cerebral arteries as well as on distal branches of these arteries. Ipsi-and contralateral artery trees were removed and incubated as described above and exposed to lOa M carbachol for 30 min.
Another in vitro technique was also used with four pairs of MCAs to estimate the 5-HT released by carbachol into the extra-arterial medium: each pair was incubated in 5 ml of physiological solution in organ baths with periodic rapid changes. After a resting period of 1 h, the solutions in the two organ baths were changed three times at intervals of 15 min. The first change was performed for an identical physiological solution bathing the control artery and for a solution containing 10N6 M carbachol bathing the test artery. These solutions were withdrawn 15 min later and immediately evaporated under vacuum. The residue was taken up in 150 ~1 distilled water for analysis of the 5-HT content by high-performance liquid chromatography (HPLC; System Gold Beckman, column ultrasphere ODS Beckman, amperometric detector LC 4B BAS; mobile phase: 0.1 M K2HP04, 5% methanol, pH 4.7).
All the arteries tested in vitro were then prepared for radioenzymatic measurements and ultrastructural examination after the general procedures described above. The control and test arterial segments from groups 4 (carbachol challenge) and '5 (atropine + carbachol challenge) were cut semiserially (3 series of ultrathin sections on each arterial segment, separated by 10 pm) to compare, under the electron microscope, the number of intact or degranulated mast cells in each section. Mast cells or parts of mast cells that contained only electron-opaque dense granules were considered as intact mast cells. Mast cells or parts of mast cells that contained large emp ItY vesicles and/or low electron-dense granules were considered as degranulated.
Statistical Analysis
Student's paired t test was used to determine the statistical significance of the differences between the right and left MCA within each group. The statistical significance of the differences between the arteries of each group and the arteries of the control group was determined using ANOVA followed by a Dunnett test. The statistical comparison between groups analyzed by HPLC was achieved using ANOVA followed by a Tukey test. A value of P < 0.05 was considered significant. The dispersion of values is expressed as SE.
RESULTS
Control Group (Group 1)
Histamine. No measurable concentration of histamine was detected in any MCA from this group or in the arteries from the other groups.
5HT. There was no statistically significant difference between the 5-HT contents of the right and left MCA of the 20 control rabbits. Consequently, these arteries were pooled in a single control group; their mean 5HT content was 289 t 20 pmol/mg protein.
In Vivo Degranulation Challenges
Effects of unilateral infusion of compound 48180 via the internal carotid artery (group 2, Fig. IA) . The mean 5 HT concentration in the ipsilateral arteries (157 t 16 pmol/mg protein) after 30 min of infusion was significantly less than the concentration in the contralateral MCAs (266 t 51 pmol/mg protein) or the mean concentration in control animals (289 t 20 pmol/mg protein).
The distal branches of the ipsilateral MCAs showed marked degranulation of the type II mast cells, but there was little or no change in the granular content of the type II mast cells in the contralateral arteries (Fig. 2) . The media and intima of these arteries showed no other Effects of unilateral infusion of carbachol via the internal carotid artery (group 3, Fig. 1B ). Infusion of 1 pg/min of carbachol into the internal carotid artery led to changes in the ultrastructure and 5-HT content of the ipsilateral MCA that were very similar to those produced by compound 48/80 infusion. The 5-HT content was significantly less (167 t 38 pmol/mg protein) than that of the contralateral arteries (330 t 63 pmol/mg protein). The mean 5-HT concentration in contralateral arteries was not significantly different from that of the controls. The ultrastructural changes (i.e., marked degranulation) were limited to the type II mast cells of the ipsilatera1 artery walls. The mast cells of the contralateral arteries were virtually unaltered. The morphological appearance of treated and control arteries was indistinguishable from that of treated and control arteries after compound 48/80 challenge (Fig. 2) .
In Vitro Experiments
Effects of carbachol (groups 4 and 5). A 30-min exposure to incubating solution containing 10D6 M carbachol induced a reduction in the MCA 5-HT content similar to that observed in vivo (group 4, Fig. 3A) . The untreated arteries, perfused with incubating solution for the same time, had a mean 5-HT concentration of 296 t 45 pmol/ mg protein, not significantly different from control values. The arteries exposed to carbachol contained only 172 t 49 pmol/mg protein; this loss of 5-HT was statistically significant (Fig. 3A ) . Ultrastructural examination of these treated and untreated arteries gave results similar to those described in in vivo experiments: there was a marked degranulation of type II mast cells in treated arteries and no change in those of the untreated arteries. Systematic counting of intact and degranulated mast cells in semiserial sections of these arterial segments showed that 74.5% of the total cells counted in treated arteries could be considered degranulated or showing signs of degranulation, while only 2% were in this histological state in control arteries (see Fig. 4 , Table 1 ).
The two MCAs from each animal of group 5 were exposed to identical concentrations of carbachol (10e6 M), but one of the MCAs was exposed to lo-' M atropine before and during its exposure to carbachol (Fig. 3B) . Atropine almost completely blocked both the 5-HT release induced by carbachol and its degranulating effect on vascular type II mast cells: the mean 5-HT concentrations were 277 t 33 pmol/mg protein in arteries exposed to atropine plus carbachol, and 117 t 21 pmol/ mg protein in arteries exposed to carbachol alone. Mast cells showing evident signs of degranulation were 8.2% of the total mast cells counted in treated arteries (Table  1) 'Efflux of 5-HT into the extra-arterial medium. The effluxes of 5-HT from the two arterial segments were roughly the same at rest: -10 pmol/min (first withdrawals, see Fig. 5 ). The efflux was increased -2.5fold in the second bathing solution sample for the arterial segment incubated with carbachol, while it was not significantly changed for the control MCA. supplemental efflux of 5-HT, since this efflux was roughly the same in the two arterial segments and not significantly different from those measured in the threebath sample from the control MCA and the initial bath sample from the test artery.
Effects of sympathectomy (group 6, Fig. 6Y . The 5-HT release induced in vitro by 10m6 M carbachol was not modified in arteries ipsilateral to the unilateral superior cervical ganglionectomy. Despite complete degeneration of the sympathetic nerve fibers, as verified by fluorescence microscopy, the 5-HT concentration of these arteries (157 f 11 pmol/mg protein) was not significantly different, after carbachol exposure, from the concentra- tions measured under the same conditions in either the contralateral, intact arteries (173 f 22 pmol/mg protein) (Fig. 6B) , or in the arteries of groups 4 and 5 submitted to the same treatment (172 + 49 and 117 & 21 pmol/mg protein respectively). It was, however, significantly different from the 5-HT concentration measured in group 1 (289 + 20 pmol/mg protein) (Fig. 6A ) and in arteries sympathectomized but not exposed to carbachol (255 + 43 pmol/mg protein, n = 7).
DISCUSSION
The present study provides three major results. First, rabbit leptomeningeal vessels contain relatively large amounts of 5-HT, but no detectable histamine, under our experimental conditions. Second, this pool of 5-HT is essentially nonsympathetic. Third, the concentration of 5-HT present in the wall of cerebral arteries can be significantly decreased by the mast cell secretagogue compound 48180 and by the parasympathomimetic agent carbachol. We have previously shown that rabbit cerebral arteries contain granular cells that resemble mast cells (9) and are classified by Ibrahim (17) as type II mast cells. The present work shows that these cells are degranulated by compound 48/80 and by carbachol. We thus postulate that the 5-HT pool released by these drugs is stored in these cerebrovascular cells. This localization was first proposed by Ibrahim (17), who showed that the brain mast cells of the maturing rat can synthesize and store 5HT. The rabbit leptomeningeal granular cells resemble those of human leptomeninges in that they exhibit a yellowish autofluorescence mimicking the fluorescence emitted by the formaldehyde-induced fluorophore of 5- HT (9, 12) . This natural fluorescence is probably due to their high lipid content (17) and has also been observed in mast cells adjacent to mammary tumors (4), i.e., in mast cells in a high-lipid tissue. This autofluorescence makes it difficult to determine 5-HT by fluorescence techniques (12), and Ibrahim (17) gave only indirect evidence for the presence of 5-HT by comparing several histochemical characteristics of these cells to those of enterochromaffin cells known to produce 5-HT.
The results presented above show that compound 481 80, infused at low concentrations into the internal carotid artery of a living rabbit, decreases the 5-HT concentration in the leptomeningeal vessels of the ipsilateral hemisphere by -50%. This loss of 5-HT is associated with marked degranulation of the type II mast cells in the wall of the ipsilateral middle cerebral artery tree. Identical effects were obtained by incubating the middle cerebral artery tree in a physiological solution containing 1 pg/ml compound 48/80 (unpublished observation). Compound 48/80 is thought to act specifically on mast cells at these concentrations; it induces degranulation in a manner similar to that of antigens (18). However, Marco and Balfagon (26) have shown that higher doses of 48/80 (60 pg/ml in superfusion) can induce a substantial release of ["Hlnorepinephrine from sympathetic nerves. Recause the sympathetic nerve terminals in the cerebral arteries can accumulate 5-HT by active uptake from the extracellular fluid (19, 32) , it is possible that some or all the 5-HT released could be stored in sympathetic nerves. In our experimental conditions, unilateral ablation of the superior cervical ganglion, which totally abolishes the sympathetic innervation in the vascular territory of the ipsilateral MCA (Ref. 2 and present results), does not significantly alter the vascular concentration of 5-HT. The sympathetic nerves thus do not contain any significant amount of 5-HT before administration of compound 48180 and cannot participate in the release observed. The mast cell origin of the 5HT released is confirmed by the effects of carbachol in vivo and in vitro. Carbachol, like compound 48/80, induces massive degranulation of the vascular type II mast cells and a significant decrease in the arterial 5HT content. In vivo, these effects are only observed in the vascular tree ipsilateral to the intracarotid infusion, thus excluding any indirect action of carbachol through activation of central nervous structures. This conclusion is supported by the results of in vitro experiments showing that carbachol reduces the arterial 5HT content by a direct action on the arterial wall. Within this wall, only mast cells and adventitial nerve fibers are able to store significant amounts of 5 HT: endothelial cells can take up and synthesize 5-HT (27) , but only a small fraction of these cells in rat femoral and mesenteric arteries exhibit 5-HT immunoreactivity (24) . This is probably due to the very potent monoamine oxidase system in the vascular endothelium.
In cerebral blood vessels, this system is particularly active toward 5-HT (21) . The presence of an authentic serotonergic innervation within rabbit pial arteries is very doubtful (23, 29) . The only potential source of the 5-HT released other than mast cells thus seems to be the sympathetic innervation. However, as in dicated above, there appeared to be no significant uptake of 5-HT by sympathetic nerves in our experimental conditions. In addition, the presynaptic choline@ receptors on sympathetic nerve terminals inhibit norepinephrine release (3, 13, 31) . Because norepinephrine and 5-HT are probably stored (6) and released together (23,32), cholinergic stimulation of sympathetic nerve terminals would tend to decrease 5-HT efflux rather than increase it. Conversely, rat peripheral mast cells (14) and rat dural mast cells (20) can be degranulated by acetylcholine or carbachol, this effect being mediated by muscarinic receptors blockable by atropine. Similarly, the present study shows that both carbachol-induced degranulation of cerebrovascular type II mast cells and 5-HT release from pial vessels are inhibited by preincubation in low7 M atropine. Lastly, analysis of the 5-HT efflux into the incubation medium shows that carbachol triggers a "one-shot event" in the artery wall: repetition of the challenge induces no further release of 5-HT from the MCA. This phenomenon causes a sudden massive release by cells devoid of significant reuptake mechanism and thus of nonneural origin.
It thus appears that much of the cerebrovascular 5-HT pool is contained in the autofluorescent granular cells aroun .d rabbi t pial a .nd in trapa renchymal vessels. These cells behave as true mast cells in their reaction to compound 48/80 or cholinomimetics, which both trigger degranulation and 5-HT release. However, these cells contain no measurable amount of histamine, like the other cellular elements in the pial vessels of the rabbit. This distinguishes these cells from all other mastocytes studied to date, which contain histamine alone or histamine and 5-HT in variable ratios, but, to our knowledge, never 5-HT alone. Further study should indicate if this feature is species specific or due to the particular location of the type II mast cells.
We have recently shown that rabbit type II mast cells frequently establish close contacts with adventitial nerve terminals (9). Under the electron microscone, most of these nerve profiles show cholinergic-like varicosities and are cholinesterase positive (9). The remaining nerve terminals were characterized as sympathetic, originating in the ipsilateral superior cervical ganglion, or had the morphological characteristics of peptidergic sensory nerve terminals.
Many interactions can be envisaged between these three types of nerves and the secretory type II mast cells that have been postulated or demonstrated in peripheral organs by Christian et al. (8) . The present data provide the first example of these possible interactions at the cerebrovascular level: acetylcholine released from the numerous cholinergic nerves could induce, in circumstances that remain to be determined, a massive release of 5-HT, and probably other vasoactive substances, within the wall of cerebral arteries. At this level, such mechanisms could well play a role in certain pathologies, such as migraine and vasospasm, in which 5-HT and autonomic and sensory nerves are believed to be involved.
